Gene therapy represents a promising approach for delivering regenerative molecules to specific tissues including bone. Several laboratories have shown that virusbased BMP expression vectors can stimulate osteoblast differentiation and bone formation in vivo. Both in vivo and ex vivo transduction of cells can induce bone formation at ectopic and orthotopic sites. Adenovirus and direct DNA delivery of genes encoding regenerative molecules can heal critical-sized defects of cranial and long bones. Although osteogenic activity can be demonstrated for individual BMP vectors, substantial synergies may be achieved using combinatorial gene therapy to express complimentary osteogenic signals including specific combinations of BMPs or BMPs and transcription factors. Further control of the bone regeneration process may also be achieved through the use of inducible promoters that can be used to control the timing and magnitude of expression for a particular gene. Using these types of approaches, it should be possible to mimic natural processes of bone development and fracture repair and, in so doing, be able to precisely control both the amount and type of bone regenerated.
Introduction
Although originally envisioned primarily as a means of correcting genetic defects, gene therapy has recently been used as a means of delivering growth factors, cytokines or morphogens to sites of tissue regeneration. The strategy in this case is to accelerate or induce a natural biological process by expressing a molecule that is normally involved in the regenerative response for the tissue of interest [Bonadio et al., 1999] . This approach is to be contrasted with protein therapy where a recombinant molecule is added directly to the regeneration site. This article will review general concepts concerning the application of gene therapy to bone regeneration including recent work from the author's laboratory. In addition, future novel applications of this therapy will be described that take advantage of the strengths of this technology that allow the simultaneous controlled expression of multiple genes.
Franceschi/Yang/Rutherford/Krebsbach/ Zhao/Wang Strategies for delivering therapeutic genes to tissue sites. In vivo transduction involves direct delivery of a viral or nonviral gene therapy vector to the target tissue of interest using a suitable carrier matrix. Ex vivo gene therapy first requires transduction of syngeneic cells in tissue culture followed by implantation at the regeneration site of the patient.
Methods of Gene Delivery
In the case of bone, a number of regeneration-associated genes may be considered for gene therapy such as those encoding soluble growth factors (PDGF, FGFs, IGFs), morphogens (BMPs, hedgehog proteins), systemic anabolic factors (PTH, PTHrP, growth hormone), angiogenic factors (VEGF isoforms and FGFs), transcription factors associated with bone/cartilage-related gene expression (Runx2/Cbfa1, Osterix, Sox9, homeodomain proteins such as Dlx2-6, Msx), extracellular matrix molecules associated with induction or inhibition of mineralization (bone sialoprotein, dentin sialophosphoprotein, matrix Gla protein, osteopontin) or receptors/receptor antagonists (soluble IL-1R, soluble BMP receptors). As summarized in figure 1, there are two general ways to deliver a gene to a regenerative site; the gene of choice can be delivered directly to the tissue of interest where it will be taken up by host cells that will then express the regenerative molecule (in vivo transduction) or the gene can be intro-duced into cultured cells which are then implanted into the patient (ex vivo transduction). In the later case, implanted cells are normally obtained from the patient to avoid problems with immune rejection of the engrafted cells. Each approach has its own advantages and disadvantages. In the case of in vivo gene therapy, morbidity associated with the harvesting of patient cells for ex vivo transduction are avoided. However, there is much less control over the specific cell population that becomes genetically modified and there can be acute immune responses against the vector particularly in the case of viral vectors where capsid proteins are known to be highly immunogenic [Mahr and Gooding, 1999] . In the case of ex vivo transduction, host cells can be transduced in culture under highly controlled conditions and precisely implanted on a suitable carrier matrix. If the expressed gene encodes a soluble factor, this will then be secreted into the vicinity of the implant where it can affect the transduced cell (autocrine effects) and host cells (exocrine effect). In contrast, if the expressed gene encodes a protein having an intracellular site of action (transcription factors, cell surface receptors, intracellular signal transduction molecules), only the transduced cell will exhibit a direct response to the gene therapy. Such an approach can be used to modify the responsiveness of cells to soluble host factors such as growth factors or hormones.
Gene Delivery Vectors
Gene delivery vectors can be divided into two general groups, viral and nonviral vectors. Again, each vector type has its own advantages and disadvantages. Because viruses have highly evolved mechanisms to deliver DNA to cells, it is not surprising that they are the most efficient gene delivery vectors known. For example, injection of adenoviral DNA into cells involves cell recognition of specific viral proteins such as the fiber capsid protein by the CAR protein (coxsackievirus and adenovirus receptor) and the viral penton base by · v integrins [Neumann et al., 1988; Bergelson et al., 1997] . In contrast, nonviral vectors which normally consist of plasmid or related DNA are taken up by cells using a less efficient phagocytotic process. Although recent advances involving condensation of DNA with liposomes or other carriers have the potential to enhance the uptake of nonviral DNA by cells [Kwok et al., 2001] , currently the efficiency of this process is approximately 10 -9 that of viral vectors . In spite of their advantages, viral vectors can be highly immunogenic and, in the case of retroviruses and adeno-associated viruses, can integrate in the host cell genome. Immunogenicity is related to the presence of viral capsid proteins which are known to elicit a potent immune response [Mahr and Gooding, 1999] . Advances in viral vector development have allowed the construction of viral particles in which most of the virus genome has been deleted (so-called gutted vectors) [Hartigan-O'Connor et al., 1999] . These vectors which require an appropriate cell line to provide the missing capsid proteins are markedly less immunogenic than unmodified viruses. Retroviruses and certain adeno-associated viruses are known to randomly integrate into the host cell genome where they have the potential to disrupt normal gene function by insertional mutagenesis [Hacein-BeyAbina et al., 2003; Noguchi, 2003] . Clearly, major advances in both viral and nonviral vector design will be required to overcome these problems. Nevertheless, for research purposes a number of viral vectors are currently available to efficiently deliver the gene of choice to tissue sites targeted for regeneration.
Biological Activity of an Adenovirus Expressing BMP7
For the past several years, we have been interested in developing gene therapies for repair and regeneration of mineralized tissues such as craniofacial bones, long bones and teeth. In the following paragraphs, I will describe some of our recent work using adenovirus vectors. These studies were conducted by the author's laboratory in collaboration with other members of the Center for Craniofacial Regeneration at the University of Michigan.
All our reported studies used adenovirus vectors containing the constitutively active cytomegalovirus promoter to drive transgene expression. These vectors were constructed by Cre/lox recombination [Hardy et al., 1997] . Briefly, this method involves cloning the full-length cDNA of interest into a shuttle plasmid (pAdlox) that contains a 5) viral DNA packaging sequence and a lox P site adjacent to the expression cassette. Shuttle plasmid and a modified adenovirus genome (Ad5 serotype) also containing lox P sites flanking the 5) DNA packaging sequence are transfected into a cell line containing Cre recombinase, thereby allowing recombination between the shuttle plasmid and viral genome. Positive selection for recombinant adenovirus is provided by the presence of the viral DNA packaging sequence adjacent to the expression cassette.
Franceschi/Yang/Rutherford/Krebsbach/ Zhao/Wang Using this method, the author's laboratory developed adenovirus vectors capable of expressing a number of regenerative molecules including BMPs 2, 4 and 7, FGF2 and Runx2. Control adenovirus encoding the bacterial lacZ gene was used to assess the ability of this virus to infect several different cell types. As shown in table 1, this vector can transduce a number of cells relevant to craniofacial regeneration including osteoblasts, gingival and skin fibroblasts and marrow stromal cells. 80-100% of cells were transduced by virus at a multiplicity of infection (m.o.i. refers to virus particles added/cell) of 500 or less.
Our initial studies on bone induction were conducted using AdCMV-BMP7, an adenovirus engineered to express BMP7 . In vitro studies demonstrated that cells transduced with this virus produced high concentrations of immunoreactive BMP7. Furthermore, the BMP7 produced was biologically active in that it could induce the transdifferentiation of C2C12 myoblast cells into osteoblasts, a standard assay for BMP activity [Katagiri et al., 1994] . As described below, both in vivo and ex vivo approaches were used to demonstrate that AdCMV-BMP7 was able to induce bone formation in vivo.
For in vivo transduction, virus was adsorbed to a matrix of BMP-free guanidine-extracted, demineralized bone powder and implanted into subcutaneous or intramuscular sites in CD-1 mice. Control implants contained the same titer of lacZ control virus. Implants were removed for histological analysis after 4 weeks. AdCMV-BMP7 formed bone at both subcutaneous and intramuscular sites. Ossicles had a well-defined perimeter of cortical bone with trabeculae and an obvious marrow cavity containing hematopoietic cells as well as fatty marrow surrounding residual carrier. Mineralized areas contained osteocyte-like cells within a bone-like extracellular matrix.
We also used ex vivo transduction to induce bone formation at both soft tissue and orthotopic sites in vivo. The general approach for these studies was to transduce fibroblast or mesenchymal cells with adenovirus in tissue culture, suspend cells in a suitable carrier matrix and implant them into animals. Our published work demonstrates the utility of this approach to induce bone formation at ectopic and orthotopic sites using both gingival or skin fibroblasts Rutherford et al., 2002] (also see below). Figures 2 and 3 show more recent studies in which a standardized system was developed for comparing the biological activity of different regenerative molecules using the ectopic bone formation assay. For this work, we used a clonal fibroblast cell line derived from C57BL6 mice (BLK cells) for ex vivo viral transduction. Since C57BL6 mice are syngeneic, they can be implanted with BLK cells without eliciting an immune response. After transduction with AdCMV-BMP7, BLK cells were suspended in a type I collagen hydrogel and subcutaneously implanted. The implanted BLK cells induced ossicles of similar morphology to that seen with in vivo transduction. Ossicles developed via an endochondral process ( fig. 2) . At early times (3 days), implants contained mainly fibrous tissue. After 1 week, both cartilage and bone were present while at later times (2-4 weeks), cortical and trabecular bone were seen as well as a clearly defined marrow cavity. The amount of bone formed was proportional to the number of BLK cells implanted, increased with time for the first 4 weeks after implantation and persisted for at least 8 weeks ( fig. 3a, b) . Dose/ response studies revealed that transduction of cells with virus at an m.o.i. of 50-100 was sufficient to maximally induce bone formation with somewhat less bone being formed at higher virus titers. Similarly, the amount of BMP7 secreted by BLK cells in vitro was found to peak over the same range of viral titers ( fig. 3c, d ). Our earlier work suggested that the bone formed in vivo by AdCMV- Fig. 2 . Induction of endochondral bone formation by BLK cells transduced ex vivo with AdCMV-BMP7; histological analysis. BLK cell cultures were transduced with AdCMV-BMP7 (m.o.i. 100). After 24 h, cells were trypsinized and resuspended in type I collagen hydrogels that were subcutaneously implanted in C57BL/6 mice. At the times indicated, implants were harvested, fixed in 4% paraformaldehyde, demineralized in 10% formic acid, dehydrated and embedded in paraffin. Sections (8 Ìm) were cut and stained with hematoxylin and eosin. Bone (B) and cartilage (C) areas are indicated. An ossicle containing trabecular bone, cortical bone and marrow was formed over a 4-week period.
Franceschi/Yang/Rutherford/Krebsbach/ Zhao/Wang BMP7 transduced gingival fibroblasts was composed of host as well as engrafted cells . In order to examine the contribution of the implanted BLK cells to ectopic bone, we stably transfected cells with a constitutively active bacterial lacZ gene, transduced them with AdCMV-BMP7 and used these cells in the ectopic bone formation assay. As shown in figure 4 , lacZ-marked cells can be detected in implants for up to 6 weeks. Control implants (cells transduced with empty adenovirus) contained lacZ-positive cells in a clearly defined region at the periphery of implanted collagen gels. In AdCMV-BMP7-transduced cells, lacZ staining was also initially detected in this region, but at later times the marked cells gradually dispersed throughout the implant such that they represented only about 1-5% of the total cells in the ossicle. Although osteoblasts were occasionally lacZ positive, most cells were unstained and, therefore, host-derived. Based on these results, we conclude that the predominant osteogenic process in this system is the recruitment of host cells by BMP secreted by the genetically engineered BLK cells. Furthermore, the BLK cell/C57BL6 mouse syngeneic system provides a useful means of comparing the osteogenic activity of viruses expressing different regenerative molecules or growth factors.
Use of AdCMV-BMP7 for Regeneration of Cranial and Long Bone Defects
In studies of greater therapeutic significance, we examined the biological activity of AdCMV-BMP7-transduced fibroblasts in orthotopic regeneration models involving critical sized defects of calvaria and long bones Rutherford et al., 2002] . In both cases, studies used syngeneic dermal fibroblasts cultured from Lewis or Fisher rats.
For the cranial model, a 9-mm calvarial defect was created in Lewis rats using a trephine. This size defect will not spontaneously heal in the lifetime of the animal. Cells transduced with either lacZ control adenovirus or AdCMV-BMP7 were adsorbed to gelatin sponges before placement in defects. The AdCMV-BMP7 transduced cells induced sufficient bone formation in 4 weeks to largely close the calvarial defect. In contrast, only minimal bone formation was detected in defects receiving control virus ( fig. 5 ).
Franceschi/Yang/Rutherford/Krebsbach/ Zhao/Wang . Dermal fibroblasts isolated from Lewis rats were transduced with AdCMV-BMP7 (a) or lacZ control virus (b). Cells were adsorbed to a gelatin sponge and placed in a 9-mm-diameter cranial defect created in a Lewis rat host. Calvariae were isolated for histological analysis after 4 weeks. Black arrows designate the surgical margins. Original magnification: !25. AdCMV-BMP7-transduced cells were able to repair a calvarial defect while control cells produced only fibrous connective tissue.
For the long-bone model, a 2-to 3-mm osteotomy was created in femurs of Fisher rats previously immobilized using an external fixator. Transduced dermal fibroblasts were suspended in a type I collagen hydrogel and adsorbed to a gelatin sponge before placement in the defect. Histological and radiological examination of defects revealed significant bone healing by AdCMV-BMP7-transduced cells after 6 weeks ( fig. 6b, d, f) . Both bone and cartilage formation was seen. In contrast, lacZ-transduced cells formed only fibrous connective tissue ( fig. 6a, c, e ).
These studies demonstrate the power of gene therapy to induce bone formation in two clinically relevant models of bone regeneration. Together with studies from other research groups using adenovirus, retrovirus and nonviral vectors [Mason et al., 1998; Lieberman et al., 1999; Baltzer et al., 2000; Okubo et al., 2000; Laurencin et al., 2001; Riew et al., 2003 ], they provide strong evidence for the feasibility of this approach as a clinical alternative to BMP protein therapy. In related studies, one of us (RBR) showed that AdCMV-BMP7 transduction of tooth pulp can stimulate regeneration of a dentin-like mineralized matrix in vivo [Rutherford, 2001] . This result suggests that BMP gene therapy may also be considered as an alternative to endodontic treatment. 
Exploiting the Potential of Gene Therapy to Express Combinations of Interacting Genes
Although the experimental BMP gene therapies described above may eventually lead to therapeutics, they do not exploit the full potential of this approach. Specifically, studies conducted to date involve subcloning of single BMP cDNAs into an appropriate vector which, once transfected into a cell, will direct constitutive BMP production. This approach has several limitations. (1) Because only a single factor is expressed at a time, it fails to adequately mimic normal processes of bone development and fracture healing where multiple secreted factors function in a cooperative and/or sequential fashion to regulate the osteogenic response [Khan et al., 2000; Tickle, 2002] . (2) It is essentially uncontrolled, being limited only by the in vivo half-life of the vector and target cells at the implantation site. (3) It is focused exclusively on the use of soluble factors, yet the osteogenic activity of bone progenitors can also be enhanced by the induction of intracellular components such as transcription factors [Ducy et al., 1997; Yagi et al., 2003] . In view of these limitations, we recently began developing combinatorial gene therapy approaches for bone regeneration that incorporate constitutive or regulated expression of groups of regenerationassociated soluble factors and transcriptional regulators. The remainder of this article will focus on our work in this area. Two examples will be described; the first examines the osteogenic activity of combinations of BMPs and the second shows how the osteogenic activity and BMP responsiveness of an osteoprogenitor population can be enhanced by transducing cells with a virus expressing a bone-related transcription factor.
Synergistic Interactions between BMPs in Stimulating Osteoblast Differentiation
Although homodimers of BMPs 2, 4 and 7 can induce ectopic bone formation, there is strong evidence that these factors act in combination. For example, BMPs 2, 4 and 7 are coexpressed during development and fracture healing and may exist as heterodimers [Lyons et al., 1995; Khan et al., 2000] . Furthermore, BMP 2/7 and 4/7 heterodimers have greater biological activity than homodimers when assayed for the ability to induce ventral mesoderm and blood in Xenopus animal caps [Nishimatsu and Thomsen, 1998 ].
Taken together, these studies suggest that certain advantages may be accrued by using combinations of BMPs for bone regeneration. To begin addressing this possibility, we examined the ability of combinations of adenoviruses expressing BMPs 2, 4 and 7 to induce in vitro osteoblast differentiation in two osteoprogenitor cell lines, C3H10T1/2 and ST2 ( fig. 7 ). C3H10T1/2 cells are a pluripotential, mesenchymal cell line derived from mouse embryos [Taylor and Jones, 1979] while ST2 cells are a marrow stromal cell line [Otsuka et al., 1999] . Cells were treated with control (lacZ) virus or with optimal titers of AdCMV-BMP2, 4 or 7 in the combinations indicated. After 8 days, osteoblast differentiation was assessed by measuring alkaline phosphatase activity. When the activity of individual adenoviruses was examined in each cell line, AdCMV-BMP2 was found to have modest activity while AdCMV-BMP4 and AdCMV-BMP7 were only slightly more active than the lacZ control virus. Also, when AdCMV-BMP2 and AdCMV-BMP4 were combined, activity was no greater than that seen with AdCMV-BMP2 alone. In contrast, combining AdCMV-BMP2 or AdCMV-BMP4 with AdCMV-BMP7 synergistically stimulated alkaline phosphatase activity in both cell lines. Cotransduced cells had 2-4 times more alkaline phosphatase activity than would be predicted if effects of individual adenoviruses were additive. We are currently testing whether comparable synergies are seen for bone induction in vivo as well as investigating the mechanistic basis for the observed BMP interactions.
Enhancement of the BMP Responsiveness of Mesenchymal Cells with a Runx2 Adenovirus
Runx2 is the bone-related product of Cbfa1, a master gene controlling bone and hypertrophic cartilage differentiation [Ducy et al., 2000] . Runx2 is essential for the differentiation of osteoblasts and hypertrophic chondrocytes, and, for this reason, the skeletons of Cbfa1-/-mice are totally devoid of mineral [Komori et al., 1997; Otto et al., 1997] . Overexpression of Runx2 in mesenchymal cells can increase osteoblast-specific gene expression at least in part by directly binding to enhancer sequences in target genes [Ducy et al., 1997] , although it is likely that some of its actions are indirect and involve induction of other downstream factors. Since BMPs can upregulate Runx2
Franceschi/Yang/Rutherford/Krebsbach/ Zhao/Wang in certain systems [Ducy et al., 1997; Lee et al., 2000] , it is likely that some of the actions of BMPs may be mediated by this transcription factor. However, other BMP activities are clearly Runx2-independent. For example, in response to BMP treatment and receptor activation, RSmad-Smad4 complexes can directly interact with and activate certain target genes in the absence of Runx2 [Jonk et al., 1998; Hanai et al., 1999] . Consistent with these results, BMP2 can induce the expression of osteocalcin and alkaline phosphatase in cells from Cbfa1-/-mice [Komori et al., 1997] . Taken together, these studies suggest that BMPs and Runx2 may stimulate bone formation through distinct, but complimentary pathways and, furthermore, that it may be possible to enhance the osteogenic activity of mesenchymal precursor cells by transduction with a Runx2 expression vector.
To begin exploring possible interactions between BMPs and Runx2, we conducted studies to determine the extent to which a Runx2 adenovirus can induce functional osteoblast differentiation in the C3H10T1/2 mesenchymal cell line, and then to examine functional interactions between Runx2 and BMP2 in stimulation of osteoblast differentiation in vitro and in vivo [Yang et al., 2003 ]. AdCMV-Runx2 induced osteoblast markers, such as alkaline phosphatase and osteocalcin, in C3H10T1/2 cells in vitro, and weakly stimulated extracellular matrix mineralization. In contrast, cells transduced with AdCMV-BMP2 exhibited higher levels of mineralization, but expressed barely detectible levels of alkaline phosphatase, Runx2 and osteocalcin. Significantly, when cells were transduced with optimal titers of both AdCMV-Runx2 and AdCMV-BMP2, osteoblast differentiation was stimulated to levels that were up to 10-fold greater than those seen with either AdCMV-Runx2 or AdCMV-BMP2 alone. These results showed that AdCMV-Runx2 transduction increased the sensitivity of cells to AdCMV-BMP2 treatment. To measure in vivo osteogenic activity, virally transduced cells were subcutaneously implanted into immunodeficient mice. As shown in figure 8, cells transduced with control virus only produced fibrous tissue while those with AdCMV-Runx2 produced limited amounts of both cartilage and bone, as would be predicted from the known effects of Runx2 in the formation of both bone and cartilage while cells transduced with either AdCMV-BMP2 alone or AdCMV-BMP2 plus AdCMV-Runx2 induced prominent ossicles containing cartilage, bone and a marrow cavity. However, ossification in the AdCMV-BMP2 plus AdCMV-Runx2 group was more extensive. Both mineral content and fractional bone area were greater than that seen with AdCMV-BMP2 alone. The increase in bone area was mainly due to enhanced deposition of cortical bone in the AdCMV-BMP2 plus AdCMV-Runx2 group. These results show that the responsiveness of osteoprogenitor cell populations to BMPs can be enhanced in vitro and in vivo by factors like Runx2 that are major regulators of the osteoprogenitor lineage. In addition, they suggest possible therapeutic benefits that may be derived from using bone-related transcription factors to enhance BMP responsiveness in osteoprogenitor populations.
Future Directions
The studies just described highlight the potential for using gene therapy to express unique combinations of regenerative molecules. In addition to the two cases discussed, other unique combinations of factors may enhance bone formation. For example, several FGFs are expressed at early stages of bone development and fracture repair. These molecules control diverse events ranging from the initiation of limb formation and cranial suture mineralization during development to proliferation of bone precursors in the fracture callus [Martin, 1998; Khan et al., 2000; Tickle, 2002] . In particular, FGF2 has potent anabolic effects on bone in vivo and can stimulate bone regeneration when implanted in a suitable matrix [Liang et al., 1999; Pun et al., 2000; Lisignoli et al., 2002] . However, because a major function of FGFs is to stimulate precursor cell proliferation, they can be antagonistic to differentiation factors like BMPs if both factors are simultaneously presented to cells [Terkeltaub et al., 1998 ]. One possible way to overcome this problem would be to control the temporal sequence of factor expression. For example, a regeneration strategy might be envisioned where early FGF2 expression could be used to expand precursor cells in a fracture callus followed by induction of a BMP to stimulate chondrocyte and osteoblast differentiation. Recently described gene therapy vectors that incorporate inducible promoters may be particularly useful in this regard. For example, Rivera et al. [1999] described a retroviral vector that contains an inducible promoter controlled by rapamycin. Because of its high oral bioavailability, rapamycin can be easily administered in the diet. On being absorbed, it interacts with a twocomponent engineered transcription factor in virally transduced cells to activate the target gene of choice. Using such a system, regenerative strategies can be envisioned in which an early proliferative signal (e.g. FGF2) under the control of an adenovirus is followed by a differ-entiation signal (e.g. a BMP) under the control of an inducible promoter. In this way, precursor populations could be expanded before initiation of a differentiation signal. Similar approaches might also be considered for protein therapy in which controlled protein release scaffolds [Lutolf et al., 2003 ] are used for the timed release of specific combinations of regenerative molecules. In the future, these and similar approaches may allow control of both the amount and type of bone formed at specific regenerative sites.
